Abstract: Carbon fibre-reinforced plastics (CFRPs) gained substantial acclaim in recent decades and are used in aerospace, automotive and structural applications due to their high strength-toweight ratio, high stiffness, high fatigue and corrosion resistance. CFRPs are manufactured near to net shape but some machining processes such as drilling cannot be avoided. Drilling induces damage (delamination, matrix cracking, matrix burning, lamina cracking and fibre pull out) in CFRP because of high axial thrust forces and a temperature rise. In this research an attempt is made to use ultrasonically assisted drilling (UAD) to reduce the axial thrust forces. In UAD high frequency (~ 20 kHz) vibrations are superimposed on a drill bit, preferably in axial direction, to reduce the thrust forces. In this study, experiments are conducted in two stages. At the first stage an initial setup with an existing UAD transducer is used to compare UAD with conventional drilling (CD) of CFRP. A reduced thrust force is experienced in case of UAD when compared to CD. At the second stage, drilling dynamics, i.e. feed speed, is changed along with the improvement of the transducer, and an enormous amount of force reduction (>80%) is observed in case of UAD (as compared to CD).
Introduction
New materials attributing beneficial properties are consistently being developed to suit modern applications. Such improvements are mostly seen in aerospace and aeronautical structures, where conventional metal parts of aircraft are replaced with ones made of carbon fibre-reinforced plastics (CFRPs). It is acknowledged that they outperform the conventional ones in durability, strength-toweight ratio, stiffness and density [1, 2, 3, 4] .
Despite these advantages of CFRP, problems are still arising in machining processes, particularly in hole drilling for screws, rivets and bolt insertion. Apart from poor geometric and surface finish in the absence of reaming, conventional drilling can induce various damage modes in CFRP such as fragmentation, burrs, crack, interfacial de-bonding and fibre pull-out. These deteriorations may lead to delamination, the most critical damage type [5, 6, 7] . As a result, the load-carrying capacity of laminated parts and the overall composite structural strength are adversely affected. Moreover, abrasiveness of CFRP in drilling can cause rapid tool wear, resulting in frequent tooling replacement. Due to a complex microstructure of CFRP, traditional drilling methods adapted in industries are unable to produce optimum results in terms of properties of CFRP as well as the cost of manufacturing.
To overcome these problems, new manufacturing techniques are constantly developed to meet the manufacturing requirements for new materials. One novel process that is being developed at the moment is Ultrasonically Assisted Drilling (UAD). UAD superimposes high-frequency vibration, generated by a piezoelectric ultrasonic transducer, on the cutting motion of a conventional drill [8] . UAD is an advanced drilling technique, especially beneficial for brittle materials. It has proved several advantages compared to conventional drilling [9] , e.g. reduction in thrust forces and torque [10] . Several improvement of applying this technique observed in previous studies are improved surface finish quality, lower tool wear, eliminated burr formation and reduced machining steps.
In the experimental study conducted by Hochen and Hsu it was proven that ultrasonic machining have viable advantages over conventional machining processes, but a slurry-based method was used instead of exciting the conventional drill bit (high-speed steel drill/ carbide drill), for the material removal for hole making in CFRP [11] . Wang performed some experiments, in which CFRP was drilled, using vibration frequency of 300 Hz to excite a high-speed-steel (HSS) and carbide drill bits of 0.5 mm diameter, and it was observed that thrust forces were reduced in case of vibration-assisted drilling when compared to conventional drilling [12] . Drill bits vibrating in torsional direction were developed by Fuji Ultrasonics [8] using drill bits ranging from 0.2 mm to 12 mm although Babitsky and Astashev claimed [13] that no reduction in axial thrust forces can be found whilst exciting the drill bits in such a mode, but the considerable advantages of UAD can be observed when the drill is vibrated in axial direction [14] .
In the current research the holes have been drilled at different feed and speed magnitudes using 6 mm drill bits, and promising results have been observed using UAD. With an improved setup, an enormous amount of force reduction is observed in case of UAD as compared to CD.
Experimental setup
Our experiments were conducted on Harrison M-300 lathe with a transducer mounted in the lathe chuck; the drill bit was attached to the transducer. A two channel Kistler™ dynamometer was mounted on an angle plate on carriage of the lathe. The drilled workpiece was clamped on the dynamometer and feed was applied to it. The thrust force data was recorded using Picoscope™, which was further processed into Matlab after converting them into .txt format. The average values of thrust forces were recorded for the period of complete engagement of the tool with the workpiece. The experiments were performed on a 15 mm-thick stack of CFRP provided by Airbus. All the experiments were conducted without the backing plate. Prior to the tests, the dynamometer was calibrated using weighs to ensure a linear response between axial forces applied and data shown on PC display.
As the ultrasonic technology is highly non-linear [14] , it is very sensitive to various parameters, providing opportunities for improvement. Hence, the experiments were conducted in two stages: (i) with an initial UAD setup and (ii) the enhanced UAD setup
Initial UAD setup
The setup used for this stage of experiments is shown in Figure 1 . The tests of this stage were conducted with varying drill speed. The feed was maintained at 50 mm/min. Resonant frequency of 32.2 kHz was maintained with vibration amplitude of 10 µm, and 6 mm Jobber carbide TiN coated drill bits were used to drill the workpiece. To keep the feed rate constant at 50 mm/min, the feed rate in rev/min was changed accordingly for each rotational speed. The experimental parameters for stage 1 are given in Table 1 . Table 2 shows the results for varying speed for parameters given in Table 1 . The thrust-force reduction was calculated to investigate the effectiveness of UAD in relation to CD. The speeds cover the ranges that are available on the lathe. No change of drill bit was carried out and experiments were repeated for three times for each set up parameters to ensure consistency in results. Figure 2 presents comparison of thrust force for CD and UAD, and a graph for overall force reduction. Referring to the graph, general reduction on thrust force can be seen from 260 rpm to 540 rpm in both techniques. From 540 rpm onwards, the reduction of thrust force constantly declines at a slow rate achieving the minimum thrust force at 1700 rpm. In the case of CD, the thrust forces are in the same range after 1200 rpm. In the view of force reduction caused by UAD, from 260 rpm to 540 rpm, a general trend of increase in force reduction can be observed with an increasing speed; the maximum force reduction was achieved at 1700 rpm. 
Improved UAD setup
After improving the design of transducer, in stage 2 of this study the experiments were conducted with rotational speed of 40 rpm and feed rate of 8 mm/min to ensure the maximum vibro-impact effect of ultrasonic vibrations per revolution and per millimetre of tool penetration. The tests were repeated three times both for CD and UAD. The same drill bit and the workpiece with same fixing were used. The resonance of ultrasonic vibration was achieved at 31.7 kHz for the improved transducer at the peak-to-peak vibration amplitude of 12 µm. The improved setup is shown in Figure 3 . The experimental parameters for improved setup are given in Table 3 . It was observed that at the rotational speed of 40 rev/min and feed rate of 8 mm/min (0.2 mm/rev) a force reduction of some 90% can be achieved. The thrust force in case of CD was found to be 345 N and in case of UAD, 31 N. The results with the standard deviation are given in Table 4 . The chip formation in both cases, i.e. UAD and CD, was completely different. In case of CD a highly-fragmented, dust-like chip, typical for traditional drilling of CFRP was observed, while UAD produced a spiral chip of significant length, typical for drilling of ductile metals (Figure 4 ). This suggests that under ultrasonic excitation brittle materials tend to demonstrate behaviour similar to that observed in machining of ductile material. Such observations have been previously reported for machining of soda-line glass [15] , tungsten carbide, zirconia ceramic, and calcium fluoride [16] to name a few. It was realised that vibration assisted machining could be used to machine many brittle materials machine as if they were ductile ones, producing chips by means of plastic flow with minimal subsurface cracking. Our current experiments demonstrate the viability of extending the ultrasonic machining to the drilling of carbon fibre-reinforced composites. 
Conclusions
A significant improvement in thrust force was observed when using ultrasonically assisted drilling of a CFRP composite, which could lead to minimizing both drilling-induced damage (e.g. delamination and micro-cracking) and rapid tool wear and improving surface roughness and circularity of drilled holes. Such improvements make the UAD technology suitable for industrial applications for drilling aerospace-grade CFRPs. But to achieve maximum advantages of ultrasonic vibrations in drilling, the development of fine-tuned ultrasonic transducer for each type of drill bit is important. 
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Advanced Materials and Structures IV Further research will be conducted to investigate the effect of ultrasonic vibrations and finding the optimum drilling parameters used to drill CFRPs.
